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Introduction
In fear conditioning, a naive animal is conditioned to associate an initially neutral environment or tone with an aversive unconditioned stimulus (US), such as a foot shock. After pairing the environment (the context) or the tone (the cue) with the shock US, exposure to the context or the cue alone can evoke a conditioned fear response, typically freezing in rodents (Maren, 2001) . Context fear conditioning has been shown to require neuronal activity in the hippocampus, notably in area CA1, for context encoding and in the amygdala for pairing the aversive stimulus with the context (Goshen et al., 2011; Helmstetter & Bellgowan, 1994; Maren & Fanselow, 1995; Muller, Corodimas, Fridel,(Jung, Wiener, & McNaughton, 1994; Moser, Kropff, & Moser, 2008) . Lesions to or inhibition of dorsal hippocampus impairs context fear memory (Bast, Zhang, & Feldon, 2003; Hunsaker & Kesner, 2008; Wiltgen, Sanders, Anagnostaras, Sage, & Fanselow, 2006) . Ventral CA1 neurons, on the other hand, have less well-defined place fields and poorly encode space but likely function more in emotional and social processing, as evidenced by the brain regions targeted by ventral, but not dorsal, CA1 neurons (Fanselow & Dong, 2010; Moser & Moser, 1998; Okuyama, Kitamura, Roy, Itohara, & Tonegawa, 2016; Raam, McAvoy, Besnard, Veenema, & Sahay, 2017) . Ventral CA1 neurons project directly to amygdala, mPFC and nucleus accumbens (Jay & Witter, 1991; Okuyama et al., 2016; Pitkänen, Pikkarainen, Nurminen, & Ylinen, 2000) . Accordingly, lesions to or inactivation of ventral hippocampus also impairs context fear Fanselow & Dong, 2010; Maren & Fanselow, 1995; Maren & Holt, 2004; . Some argue that coordinated activity between hippocampus and amygdala is required for acquisition of context fear memory, supporting the notion that contextual information from dorsal and ventral hippocampus is communicated directly from ventral hippocampus to amygdala for context fear encoding (Girardeau, Inema, & Buzsáki, 2017; Kim & Cho, 2017; Maren & Fanselow, 1995; Ohkawa et al., 2015) .
One synapse upstream from hippocampal CA1 neurons are CA2 neurons Kohara et al., 2014; Tamamaki, Abe, & Nojyo, 1988) . The role of CA2 neurons in hippocampal physiology and behavior has only recently been studied. We and others have shown that CA2 neurons display spatial properties, including firing in place fields, and that place fields are remapped with various manipulations to the animal's context Lee, Wang, Deshmukh, & Knierim, 2015; Lu, Igarashi, Witter, Moser, & Moser, 2015; Mankin, Diehl, Sparks, Leutgeb, & Leutgeb, 2015) . In addition, mice lacking the GTP-ase activating protein Regulator of GProtein Signaling 14 (RGS14), a protein that is highly enriched in CA2 pyramidal cells (PCs), learn faster than wild-types (WTs) in the Morris water maze test of spatial memory (Lee et al., 2010) . In these RGS14 knock-out (KO) mice, CA2 PCs have increased excitability and a capacity for LTP at synapses in the CA2 stratum radiatum, where LTP normally does not occur (Lee et al., 2010; Zhao, Choi, Obrietan, & Dudek, 2007) . These findings further support a role for CA2 neurons in contextual memory. In addition, CA2 neurons project both within the same coronal plane and in the caudal/posterior direction, targeting CA1 neurons in both dorsal and intermediate to ventral CA1 (Tamamaki et al., 1988) . As such, CA2 neurons may transmit contextual information from the dorsal hippocampus to more ventral CA1. Ventral CA1 neurons, in turn, project to amygdala and mPFC (Jay & Witter, 1991; Kishi, Tsumori, Yokota, & Yasui, 2006) . Although it is unknown how CA2 neuronal activity affects the amygdala, we previously found that modifying CA2 neuronal activity can influence mPFC activity. Therefore, CA2 neuronal activity is capable of influencing neuronal activity of more ventral CA1, as well as at least one target area of ventral CA1 neurons (Alexander et al., 2018; Meira et al., 2018) .
In addition, CA2 neurons project to CA3 (Mercer, Trigg, & Thomson, 2007) and gate the communication between CA3 and CA1 (Alexander et al., 2018; Boehringer et al., 2017; Kohara et al., 2014) . Accordingly, chemogenetic modification of CA2 neuron activity inversely influences sharp wave ripple (SWR) occurrence in both dorsal and ventral CA1, likely by affecting CA3 output to CA1 (Alexander et al., 2018; Boehringer et al., 2017) . Interestingly, dorsal and ventral hippocampal CA1 neurons fire together during SWRs (Patel, Schomburg, Berényi, Fujisawa, & Buzsáki, 2013) , and neuronal activity is modulated in a subset of basolateral amygdala (BLA) neurons by SWRs recorded in dorsal CA1, providing a link between dorsal hippocampus and BLA through ventral hippocampus during SWRs (Girardeau et al., 2017) . Further, in animals exposed to an aversive stimulus in one area of a linear track, BLA neuron modulation is greater during population SWRs that include place cell reactivation encoding the aversive area and trajectory of the track (Girardeau et al., 2017) , which may reflect consolidation of a contextual fear memory. In sum, CA2 neurons transmitting contextual information could connect dorsal hippocampus to more ventral hippocampus, possibly by regulating SWRs to provide a link from dorsal hippocampus to the BLA. As such, CA2 neuronal activity may play a role in context fear conditioning.
Based on previous findings that (1) CA2 neurons display spatial firing properties indicative of a role in encoding context, (2) CA2 neuronal activity inversely regulates SWR occurrence in dorsal and ventral CA1, which affects neuronal activity in BLA, and (3) modification of CA2 neuronal activity affects neuronal activity in mPFC (Alexander et al., 2018) , we hypothesized that modifying CA2 neuronal activity would impact context fear conditioning, which relies on neuronal activity in CA1, BLA and, possibly, mPFC. We tested this hypothesis by expressing excitatory and inhibitory DREADDs in CA2 PCs, treating animals with the DREADD ligand, CNO, during cue and context fear conditioning, and measuring cue-and context-dependent fear responses in the days following conditioning. Because CA2 neurons in RGS14 KO mice show increased excitability, we also examined cue and context fear in RGS14 KO mice to test our hypothesis that fear conditioning in these mice would phenocopy fear conditioning in mice expressing excitatory DREADDs.
Materials and methods

Animals
Experiments were carried out in adult male and female mice. Mice were pair-housed under a 12:12 light/dark cycle with access to food and water ad libitum. In most cases, one control animal and one littermate experimental animal were housed together. Males and females were housed in the same colony room. All behavioral assays were performed during the light cycle, between 8 AM and 3 PM. All procedures were approved by the NIEHS Animal Care and Use Committee and the Institutional Animal Care and Use Committee of the University of North Carolina and were in accordance with the National Institutes of Health guidelines for care and use of animals.
Virus infusion and tamoxifen treatment
For virus-infusion surgery, mice were anesthetized with ketamine (100 mg/kg, IP) and xylazine (7 mg/kg, IP), then placed in a stereotaxic apparatus. An incision was made in the scalp, a hole was drilled over each target region for AAV infusion, and a 27-ga cannula connected to a Hamilton syringe by a length of tube was lowered into hippocampus (in mm: −2.3 AP, +/−2.4 ML, −1.9 DV from bregma). Mice were infused bilaterally for both hM3Dq (AAV-hSyn-DIO-hM3D(Gq)-mCherry; Serotype 5; University of North Carolina Chapel Hill Viral Vector Core) and hM4Di AAV (AAV-hSyn-DIO-hM4D(Gi)-mCherry; Serotype 5; University of North Carolina Chapel Hill Viral Vector Core). For each infusion, 0.5 μl was infused at a rate of 0.1 μl/min. Following infusion, the cannula was left in place for an additional 10 min before removing. The scalp was then sutured and the animals administered buprenorphine (0.1 mg/kg, SQ) for pain and returned to their cage. All mice received virus infusions, but only the mice expressing cre recombinase (Cre+) showed expression of the DREADD proteins (Figs. 1A, S1 ).
For hM3Dq studies, 24 adult Cre+ and Cre− (12 Cre+, 12 Cre−; 8-12 weeks old) Amigo2-cre mice (Alexander et al., 2017) were infused bilaterally with hM3Dq. For hM4Di studies, 31 adult Cre+ and Cre− (15 Cre+, 16 Cre−; 8-12 weeks old) Amigo2-icreERT2 mice (Alexander et al., 2018) were infused bilaterally with hM4Di AAV. Two weeks following AAV infusion surgery, Amigo2-icreERT2 mice began daily tamoxifen treatments (100 mg/kg tamoxifen dissolved in warmed corn oil, IP) for a total of 7 days. Approximately two weeks following infusion and/or tamoxifen administration, mice were transferred to the University of North Carolina Mouse Behavioral Phenotyping Laboratory in Chapel Hill, NC. Mice were 20-24 weeks old at the start of the fear conditioning assay. Two mice were removed from the study; one mouse for having a baseline freezing percentage of greater than 3 SD away from the mean (25% of baseline period time) and another for displaying a "wild-running" fear response instead of freezing consistently in tests of fear memory.
For RGS14 KO studies, 58 male and female KO and littermate control RGS14 KO mice (29 RGS14−/−, 29 RGS14+/+) were bred from RGS14 heterozygous mice (Lee et al., 2010) and used for these studies. At 3-4 weeks of age, mice were transferred to the University of North Carolina Mouse Behavioral Phenotyping Laboratory in Chapel Hill, NC. Mice were 22-23 weeks old at the start of the fear conditioning assay. 
Apparatus
Mice were evaluated for learning and memory in a conditioned fear test, using the Near-Infrared image tracking system (MED Associates, Burlington, VT). Levels of freezing (no movement for 0.5 sec) before and during the stimulus were obtained by the image tracking system.
Fear conditioning
All behavioral tests were conducted by investigators blinded to genotype. On Day 1, all hM3Dq and hM4Di mice were treated with CNO (hM3Dq: 1 mg/kg, IP; hM4Di: 5 mg/kg, IP) 50 min before a 7.5-min training session. Mice were placed in the test chamber, contained in a sound-attenuating box, and allowed to explore for 2 min. The mice were then exposed to a 30-sec tone (80 dB) with a 2-sec scrambled foot shock (0.4 mA) during the final 2 sec of the tone. Mice received 2 additional shock-tone pairings, with 80 sec between each pairing. Mice were then returned to their home cage and returned to the animal colony. Training boxes were wiped clean with water and dried with paper towels between each animal, and then cleaned with 70% ethanol at the end of each day.
Context-and cue-dependent short-term retention tests
On Day 2, mice were placed back into the original conditioning chamber for a test of contextual learning. Levels of freezing were measured across the 5-min session. Mice were then returned to their home cage and returned to the animal colony.
On Day 3, mice were evaluated for associative learning to the auditory cue in another 5-min session. The conditioning chambers were modified using a Plexiglas insert to change the wall and floor surface, and a novel odor (dilute vanilla flavoring) was added to the soundattenuating box. Mice were placed in the modified chamber and allowed to explore. After 2 min, the acoustic stimulus (an 80-dB tone) was presented for a 3-min period. Freezing was measured during presentation of the tone.
Long-term retention tests
Two weeks following the first test for contextual learning, mice were given a second test, using the same 5-min context test procedure in the original conditioning chambers, described above. On the following day, mice were given a second test for cue-dependent learning in the modified fear conditioning chambers, as described above.
Statistical analyses
Before beginning this study, we sought to investigate genotype and sex differences in conditioned fear measures for hM3Dq, hM4Di and RGS14 KO mice. All data were checked for normal distribution, and the appropriate statistical test was chosen for each analysis. The percent of time spent freezing during each minute of training and during each minute of the context and cue test were measured and are presented as percent freezing. Baseline freezing levels were compared using nonparametric Mann Whitney tests. Freezing during training was compared using repeated-measures Analysis of Variance (ANOVAs) with the between subject factors of genotype and sex and the within-subjects factor of each minute of training. Freezing data were not obtained for one male, Cre+ hM3Dq mouse during training due to tracking software failure. Visual inspection of video during training confirmed shock responsiveness, but freezing levels during training are not included with training freezing data. Freezing during the context and cue tests were compared between control and experimental groups in two ways. First, for both the context and cue tests, ANOVAs with the between subject factors of genotype and sex and the within-subjects factor of each minute of the test were used. For the context tests, we also calculated the mean percent freezing across all five minutes and compared groups using a two-way ANOVA with the between subject factors of genotype and sex. For the cue tests, freezing only during minute three (the first minute of the tone) with the between subject factors of genotype and sex was also compared using a two-way ANOVA. If a main effect of sex or an interaction with sex was found, then males and females were analyzed separately. Fisher's protected least significant difference post hoc tests were used when significant main effects were identified. Data was analyzed using SPSS software (IBM Corp., version 21). Significance was set at p < 0.05.
Immunostaining
Animals used for immunohistochemistry were euthanized with Fatal Plus (sodium pentobarbital, 50 mg/mL; > 100 mg/kg) and underwent transcardial perfusion with 4% paraformaldehyde. Brains were then cryoprotected in 30% sucrose PBS for at least 72 h and sectioned with a cryostat or vibratome at 40 μm. For immunohistochemistry, brain sections were rinsed in PBS, boiled in deionized water for 3 min, and blocked for at least 1 h in 3-5% normal goat serum/0.01% Tween 20 PBS. Sections were incubated in the following primary antibodies, which have previously been validated in mouse brain (Hitti & Siegelbaum, 2014; Kohara et al., 2014) : rabbit anti-PCP4 (SCBT, sc-74186, 1:500), rat anti-mCherry (Life Technologies, M11217, 1:500-1:1000), mouse anti-RGS14 (UC Davis/NIH NeuroMab Facility, AB_10698026, 1:1000). Antibodies were diluted in blocking solution and sections were incubated for 24 h. After several rinses in PBS/ Tween, sections were incubated in secondary antibodies (Alexa goat anti-mouse 488 and Alexa goat anti-rabbit 568, Alexa Goat anti-rat 568, Invitrogen, 1:500) for 2 h. Finally, sections were washed in PBS/Tween and mounted under ProLong Gold Antifade fluorescence media with DAPI (Invitrogen). Images of hippocampi were acquired on a Zeiss 780 meta confocal microscope using a 40× oil-immersion lens. Images of whole-brain sections were acquired with a slide scanner using the Aperio Scanscope FL Scanner (Leica Biosystems Inc.).
Animals used for immunoblotting were euthanized with Fatal Plus (sodium pentobarbital, 50 mg/mL; > 100 mg/kg) and decapitated. Brains were rapidly removed and homogenized on ice in ice-cold RIPA lysis buffer (Thermo Fisher, 89901) with HALT protease and phosphatase inhibitor (ThermoFisher, 78440). Mouse brain homogenates were sonicated on ice and centrifuged at 14,000 rpm for 10 min at 4°C. Samples in sample buffer were loaded onto a 4-12% Bis-Tris gel (Invitrogen, NP0321BOX) and subjected to gel electrophoresis. Proteins were transferred to nitrocellulose membranes using the iBlot gel transfer apparatus (Invitrogen) and subjected to immunoblotting by incubating in Odyssey blocking buffer (LI-COR, 927-50100) then in blocking buffer plus mouse anti-RGS14 (UC Davis/NIH NeuroMab Facility, AB_10698026, 1:500) and rabbit anti beta-actin (Abcam, ab8227, 1:5000) overnight at 4°C. After several rinses in PBS/Tween, membranes were incubated in donkey anti-rabbit IRDye secondary antibody (LI-COR Biosciences, 925-32213, 1:10,000) and donkey antimouse IRDye secondary antibody (LI-COR Biosciences, 925-68072, 1:10,000), rinsed and imaged on an Odyssey infrared scanner (LI-COR Biosciences).
Results
DREADD-mediated CA2 activation increases contextual and cued fear
To investigate the role of CA2 neurons in hippocampal dependent memory, we first asked whether mice expressing the excitatory hM3Dq (Figs. 1A, S1) in the fear conditioning assay had altered freezing responses. Mice were administered CNO (1 mg/kg, IP) 50 min before the training session and were returned to their home cage until training began (Fig. 1B) . CNO was not administered before any other phase of the assay. Before presentation of the tone or shock, baseline freezing was measured in the context. Levels of baseline freezing were not significantly different between Cre− and Cre+ mice (median (Cre−) = 0.695% of baseline period; median (Cre+) = 1.6% of baseline period; U = 57.5, p = 0.8818, Mann-Whitney test, N = 12 Cre− mice, 10 Cre+ mice). We also measured freezing in response to the tone-shock pairing during training. Freezing was measured over the entire 30-sec period, and the shock was delivered during the final 2 sec of that period. The mean percent of time freezing significantly increased across the three tone presentations during training (main effect of time: F(2,34) = 32.007, p < 0.0001; Fig. 1C ). In addition, freezing was significantly greater for Cre+ mice than Cre− mice during training (main effect of genotype: F(1,17) = 6.240, p = 0.023), although freezing was not significantly different between males and females (main effect of sex: F(1,17) = 0.156, p = 0.698) and no interaction between genotype and sex was detected (interaction: F(1,17) = 0.009, p = 0.925). Interestingly, freezing was significantly greater for Cre+ mice even during the first 30-sec tone/shock presentation (t (19) = 2.309, p = 0.0324, unpaired t-test; Fig. 1D ), suggestive of a tone fear. However, we saw no difference between Cre+ and Cre− mice in activity during any of the three shock stimuli, suggesting that pain threshold was not affected by CA2 activation (main effect of genotype: (F(2,38) = 0.5608, p = 0.5754; Fig. S2A) .
Contextual fear memory was tested 24 h after training ( Cue fear memory was tested the following day. Mice were placed into a novel chamber distinct from the context chamber and freezing was measured before and during the tone cue presentation. Levels of freezing during each of the five minutes of the test showed a main effect of genotype (F(1,18) = 10.235, p = 0.005; Fig. 1G ) and a main effect of time (F(4,72) = 40.101, p < 0.0001), with significant increases in freezing corresponding to cue onset. An interaction between genotype and time was also found (F(4,72) = 5.503, p = 0.009). However, we found no difference in freezing between males and females (F (1,18) = 1.153, p = 0.297). In the two minutes before the onset of the tone cue, freezing was not significantly different between Cre+ and Cre− mice (main effect of genotype: F(1,18) = 3.797; p = 0.0671; Fig. 1H ) or between male and female mice (main effect of sex: F (1,18) = 0.3059; p = 0.5870). However, freezing during the first minute of the cue presentation was greater for Cre+ mice relative to Cre− mice (main effect of genotype, F(1,18) = 5.209, p = 0.035; Fig. 1H ), with no difference in freezing between males and females detected (main effect of sex: F(1,18) = 0.080, p = 0.781) nor an interaction between sex and genotype (F(1,18) = 0.122, p = 0.731), therefore post hoc tests within each sex were not performed.
Thirteen days later, long-term retention of contextual and cued fear memory was tested. In the context, Cre+ mice showed a trend toward increased freezing over Cre− mice but did not reach significance (F (1,18) = 4.402, p = 0.05; Figs. 2A-B, S4A) . No difference in freezing was detected between males and females, and no difference in freezing across time was detected (main effect of sex: F(1,18) = 0.975, p = 0.336; main effect of time: F(4,72) = 1.795, p = 0.139; Fig. 2A-B) . In contrast, in the retention test for cued fear, Cre+ mice showed significantly more freezing than Cre− mice over all five minutes of the test (main effect of genotype: F(1,18) = 9.197, p = 0.007; main effect of time: F(4,72) = 43.992, p < 0.0001; Figs. 2C, S4B). However, freezing did not differ between males and females (main effect of sex: F (1,18) = 0.025, p = 0.641), and there was no significant interaction between sex and genotype (F(1,18) = 0.077, p = 0.784). In the two minutes before the onset of the tone cue, freezing was significantly greater among Cre+ mice compared with Cre− mice (main effect of genotype: F(1,18) = 10.543; p = 0.004; Figs. 2D, S4B), which likely reflects second order conditioning (Holland, 1977) , but freezing did not differ between male and female mice (F(1,18) = 1.889; p = 0.186) and no interaction between sex and genotype was detected (F (1,18) = 1.068; p = 0.315). Similarly, analysis of the first minute of the tone presentation showed that Cre+ mice had significantly more freezing behavior than Cre− mice (F(1,18) = 5.080, p = 0.037; Fig. 2C-D) , but no effect of sex (F(1,18) = 0.006, p = 0.940) nor an interaction (F(1,18) = 0.067, p = 0.799) was detected, therefore post hoc tests within each sex were not performed.
Comparing freezing levels from Test 1 (24-48 h after training) to Test 2 (2 weeks after training) showed no main effect of test for either contextual fear (Fig. S5A-B) or cued fear (Fig. S5C-D ) but did show a main effect of genotype among females for the contextual fear test (F (1,18) = 14.14, p = 0.0014; Fig. S5B ) and among males for the cued fear test (F(1, 18) = 7.476, p = 0.0136; Fig. S5C ), with females also trending toward a main effect of genotype in the cued fear test (F(1, 18) = 3.382, p = 0.0825; Fig. S5C ).
DREADD-mediated inhibition of CA2 increases contextual fear in females
We next tested mice expressing the inhibitory hM4Di in the fear conditioning assay (Fig. 3A-B ). Mice were administered CNO (5 mg/kg, IP) 50 min before the training session and were returned to their home cage until training began. CNO was not administered before any other phase of the assay (Fig. 1B) . Before presentation of the shock or tone, baseline freezing was measured in the context. Levels of baseline freezing were not significantly different between Cre− and Cre+ mice (median (Cre−) = 0.7281% of baseline period; median (Cre +) = 1.03% of baseline period; U = 92, p = 0.2620, Mann-Whitney test, N = 16 Cre− mice, 15 Cre+ mice, Fig. 3C ). During training, the mean percent of time freezing significantly increased across the three tone/shock presentations (main effect of time: F(2,54) = 69.733, p < 0.0001; Fig. 3C ). However, freezing during training was not significantly affected by genotype (F(1,27) = 0.726, p = 0.402) or sex (F (1,27) = 0.039, p = 0.844). In addition, activity in response to the shock was not significantly different between Cre− and Cre+ mice (F (1,27) = 3.226, p = 0.084; Fig. S2B ).
In the test of contextual fear memory, Cre+ mice showed significantly more freezing than Cre− mice (main effect of genotype: F (1,27) = 4.556, p = 0.042; Fig. 3D ). Mean freezing across time for each genotype showed a main effect of time (F(4,108) = 3.420, p = 0.011) and an interaction between time and genotype (F(4,108) = 2.891, p = 0.026). A main effect of sex was also detected (F(1,27) = 5.905, p = 0.022), prompting us to analyze each sex independently (Fig. 3E,  S6A ). Males showed no difference in freezing across genotype (p = 0.6928; Figs. 3E, S6Ai). In contrast, among females, Cre+ mice showed significantly more freezing than Cre− mice (p = 0.0130; Figs. 3E, S6Aii). In the test of cued fear memory, we found a significant main effect of time across the five minutes of the test (F (4,108) = 63.927, p < 0.0001; Fig. 3F ), but we detected no differences in freezing between Cre+ and Cre− hM4Di mice (main effect of genotype: F(1,27) = 0.030, p = 0.864; Figs. 3F, S6B ). In addition, we found no difference in freezing between males and females (main effect of sex: F(1,27) = 0.001, p = 0.981). Analysis of freezing during the two minutes before cue onset showed no effect of genotype (F (1,27) = 0.3169, p = 0.5781) and analysis of the first minute of the cue also showed no difference in freezing across genotypes (F (1,27) = 0.003, p = 0.958; Fig. 3G ).
To determine whether inhibiting CA2 activity during conditioning impacted longer-term retention of contextual fear memory, we tested the animals two weeks after training. In this case, we found no difference in freezing between Cre+ and Cre− mice (F(1,27) = 1.104, p = 0.303; Figs. 4A, S7A) or between males and females (F (1,27) = 0.017, p = 0.897; Fig. 4B ). Freezing also did not vary significantly as a function of time in the context (F(4,108) = 1.693, p = 0.157; Figs. 4A, S7A) . Similarly, we found no difference in freezing between Cre+ and Cre− mice or between males and females in the long-term retention test for cued fear memory, as measured over all five minutes of the test (main effect of genotype: F(1,27) = 0.016, p = 0.901; main effect of sex (F(1,27) = 1.566, p = 0.221; Figs. 4C, S7B) despite freezing being significantly affected by time in the test of cued fear (F(4,108) = 65.777, p < 0.0001). Further, analysis of freezing during the two minutes before cue onset showed no significant effect of genotype or sex (main effect of genotype: F(1,27) = 0.3944, p = 0.5353; main effect of sex: F(1,27) = 0.04022, p = 0.8426; Fig. 4D ), and freezing was also not significantly affected by genotype or sex during the first minute of the cue (main effect of genotype: F (1,27) = 0.051, p = 0.822; main effect of sex: F(1,27) = 0.051, p = 0.822; Fig. 4D ). These data show in female but not male mice, CA2 neuron silencing during fear conditioning led to increased contextual freezing.
Finally, comparing freezing levels from Test 1 to Test 2 showed no main effect of test for either contextual fear (Fig. S8A-B ) or cued fear (Fig. S8C-D) but a main effect of genotype among females for the contextual fear test (F(1,28) = 0.7968, p = 0.0087; Fig. S8B ).
Female RGS14 KO mice have increased cued fear memory
Finally, because CA2 pyramidal neurons in RGS14 KO mice are more excitable that those from WT mice and abnormally can express LTP (Lee et al., 2010) , we explored whether RGS14 KO would also have aberrant behavior following fear conditioning. RGS14 is expressed at high levels in CA2 of WT mice (Fig. 5A-B) , but RGS14 KO mice do not expresses transcripts for RGS14 (Fig. 5C ). Before presentation of the shock or tone, baseline freezing was measured in the context. Levels of freezing were not significantly different between WT and KO mice (median (WT) = 1.45% of baseline period; median (KO) = 1.44% of baseline period; U = 370.5, p = 0.4419, Mann-Whitney test, N = 29 wt mice, 29 KO mice, Fig. 5D ). During training, the mean percent of time freezing significantly increased across the three tone/shock presentations (main effect of time: F(2,108) = 80.804, p < 0.0001; Fig. 5D ), although freezing during training was not significantly affected by genotype (F(1,54) = 0.330, p = 0.568). Overall, collapsed data of freezing from the three tone/shock pairings showed greater freezing among females than males (main effect of sex: (F(1,54) = 6.302, p = 0.015), but there was no significant interaction between genotype and sex in the level of freezing during training (F(1,54) = 0.078, p = 0.780). Measuring motion during the two sec immediately before, during, and immediately following shock presentation showed that KO mice were slightly, but significantly, less active during those times, and this effect was sex-specific; no difference in activity was detected * p < 0.05, **** p < 0.0001. Scale bar represents 1 mm in A, 300 μm in B. See also Fig. S6, S8. G.M. Alexander, et al. Neurobiology of Learning and Memory 163 (2019) 107044 interaction between genotype and sex (F(1,54) = 3.187, p = 0.0800).
In the long-term retention test of contextual fear memory, we found no difference in freezing between WT and KO mice (F(1,54) = 1.175, p = 0.283; Fig. 6A-B) . However, freezing varied significantly with time in the context (F(4,216) = 8.425, p < 0.0001; Fig. 6A ). We also observed a significant main effect of sex (F(1,54) = 7.092, p = 0.010; Fig. 6B ) as well as a significant interaction between time and sex (F (4,216) = 4.465, p = 0.002). Upon analysis of freezing for each sex individually, we found that neither males nor females showed a significant difference in freezing across genotype (males: F(1,33) = 0.015, p = 0.903), females: F(1,21) = 2.061, p = 0.167; Figs. 6B, S10A).
In the long-term retention test of cued fear memory, freezing differed between KO and WT mice, but only among females. Analysis of all five minutes of the cued fear retention test showed significant changes in freezing with time (F(4,216) = 63.209, p < 0.0001; Fig. 6C ) but no significant differences in freezing according to genotype (F (1,54) = 1.907, p = 0.173) or sex (F(1,54) = 1.293, p = 0.261). Analysis of freezing during the two minutes before cue onset showed no effect of genotype (F(1,54) = 0.9989, p = 0.3220; Fig. 6D ) but a significant effect of sex, with males showing more freezing than females (F (1,54) = 5.634, p = 0.0212). During the first minute of the cue, we found no difference in freezing between KO and WT mice (F (1,54) = 0.540, p = 0.466; Fig. 6D ) or between males and females (F (1,54) = 0.009, p = 0.924). However, we found a significant interaction between genotype and sex in freezing during the first minute of the cue (F(1,54) = 7.788, p = 0.007), whereby freezing tended to decrease in KO mice among males (p = 0.1083; Figs. 6D, S10Bi) but significantly increased in KO mice among females (p = 0.0273; Figs. 6D, S10Bii).
Finally, comparing freezing levels from Test 1 to Test 2 showed no main effect of test for either contextual fear (Fig. S11A-B ) or cued fear (Fig S11C-D) but a main effect of genotype among females in the cued fear test (F(1,42) = 5.745, p = 0.0211; Fig. S11D ).
Discussion
In this study, we investigated whether modifying CA2 neuronal activity during fear conditioning would impact fear memory. Strikingly, we found a robust sex difference in the behavioral outcomes after CA2 activation or inhibition. Increasing CA2 neuronal activity with excitatory DREADDs during training resulted in increased freezing in females and in males upon the cued fear memory tests, but only females exhibited increased freezing during the contextual fear memory test. Using inhibitory DREADDs, we found that inhibiting CA2 neuronal activity during training similarly increased freezing in females on the subsequent contextual fear memory test, with no changes in male behavior. Finally, in RGS14 KO mice, which have been shown to have increased levels of CA2 neuronal activity (Lee et al., 2010) , we found increased freezing in females during the cued fear memory test but not during the contextual fear memory test. In addition, to further investigate whether altering CA2 neuronal activity during fear Fig. S7, S8. G.M. Alexander, et al. Neurobiology of Learning and Memory 163 (2019) 107044 conditioning engages extrahippocampal regions, we tested all of our animals two weeks after training. This time point for memory recall is well beyond the timeframe for hippocampal-dependent memory, and previous studies have outlined important distinctions in interpreting freezing behavior measured at 24 h and 14 days post-training (Balogh & Wehner, 2003) . While statistical significance may have been lost or gained between Test 1 (24 and 48 h after training) and Test 2 (two weeks after training) due to changes in variability, the patterns of freezing remained constant within our control and experimental groups across each experiment (see Figs. S5, S8, S11), suggesting that altering CA2 neuronal activity has a persistent effect on behavioral responses to fear that likely engage extrahippocampal circuits to facilitate long-term memory storage. Together, these findings demonstrate a potentially sexually-dimorphic role for CA2 neuronal activity in facilitating conditioned fear behavioral responses. Males and females expressing hM3Dq in CA2 neurons and administered CNO before conditioned fear training on day 1 of the task showed increased freezing in the test of cued fear memory two days and two weeks after training. We have previously shown that CA2 activation with hM3Dq increases neuronal activity in CA1 and in mPFC (Alexander et al., 2018) , likely via CA1. Because CA1 neurons also project to amygdala (Kishi et al., 2006) , a possible scenario is that CA2 activation with hM3Dq would similarly increase neuronal activity in amygdala and promote encoding of cued fear memory, which is amygdala-dependent (Maren & Fanselow, 1996; Rogan, Stäubli, & LeDoux, 1997) . In support of this idea, direct activation of amygdala neurons during conditioned fear training by expressing hM3Dq sparsely in amygdala and administering CNO before training has previously been shown to increase cued fear (Yiu et al., 2014) . The neurons in the amygdala that expressed hM3Dq were nearly four-fold more likely to express the immediate-early gene Arc after testing for cue fear memory 24 h later than the neurons that did not express hM3Dq, suggesting that hM3Dq-mediated excitation of amygdala neurons during training is sufficient to allocate those particular amygdala neurons to a cued fear memory engram and increase cued freezing. Similarly, if activity of amygdala neurons was increased by hM3Dq in CA2 during training, the cued fear engram may have been more strongly encoded in hM3Dq animals than in control animals, thereby enhancing cued fear memory both two days and two weeks after training. In addition, perineuronal nets (PNNs) are heavily expressed in CA2 (Carstens, Phillips, PozzoMiller, Weinberg, & Dudek, 2016) , similar to expression observed in several cortical regions (Alpár, Gärtner, Härtig, & Brückner, 2006) . Interestingly, PNNs in auditory cortex are regulated by fear conditioning in that mRNA of several PNN components has been shown to be increased four hours after training (Banerjee et al., 2017) . Further, this regulation of PNNs in the auditory cortex during auditory fear conditioning was found to be necessary for fear expression (i.e., freezing) during tone presentations 24 and 48 h after training. Thus, it is possible that PNNs in CA2 are similarly regulated during fear conditioning and CA2 activation enhances this regulation, ultimately leading to increased freezing during cue presentations.
Another interesting observation was that hM3Dq mice also showed increased freezing relative to controls during training, as early as during the first CS-US pairing. Because freezing during training was increased during the first presentation of the tone and shock, before the pairing was learned, it is possible that in the presence of CNO, hM3Dq mice had increased tone fear. We think that this effect is not likely to be an effect of CNO because control mice also received CNO before training. We also don't believe this effect to be due to increased general anxiety among hM3Dq mice because we have previously shown that open-arm entries in the elevated plus maze and time in the center of an open field are not different between CNO-treated hM3Dq mice and control littermates (Alexander et al., 2017) . However, CA2 has reciprocal connections with the supramammillary nucleus (SuM) (Cui, Gerfen, & Young, 2013) , a region implicated in arousal and attention (Pedersen et al., 2017) . Thus, it is possible that the activation of CA2 neurons enhanced attention to the tone during training through activation of the SuM. Although it is unclear whether CA2 engagement of SuM upon hM3Dq activation increased alertness and possibly fear to the tone cue, the presumptive tone fear in hM3Dq mice could have strengthened the tone-shock association leading to long-lasting cued fear, resulting in increased freezing in response to the tone on both cued fear tests in males and females.
Perhaps our most striking finding was the dramatic sex difference in tests of contextual fear memory. Female mice, but not male mice, expressing hM3Dq showed increased freezing relative to Cre− mice in the tests of contextual fear memory across both of Test 1 and Test 2 (see Fig. S5A-B) . We think this increased freezing is unlikely to be a byproduct of enhanced cued fear for several reasons. First, cued fear was enhanced in both male and female hM3Dq mice, whereas contextual fear was only enhanced in female mice. Second, cued and contextual fear are thought to be mediated by distinct brain circuits (Jutras, Fries, & Buffalo, 2009; Phillips & LeDoux, 1992; Spellman et al., 2015) . Accordingly, strengthening of the cued fear pathways would not necessarily strengthen the context fear pathways. Third, cued fear learning can interfere with, or overshadow, contextual fear learning if the shock is delivered immediately after the tone during training (Marlin, 1981; McKinzie & Spear, 1995) . As such, given the stronger association between the tone and shock that hM3Dq mice formed relative to control mice, one would expect no difference or decreased G.M. Alexander, et al. Neurobiology of Learning and Memory 163 (2019) 107044 freezing in the context in hM3Dq mice relative to control mice, which is not what we found. Increasing CA2 activity in hM3Dq female mice may have increased contextual fear learning through any of several possible mechanisms. One possibility is that CA2 neurons could have driven CA1 neuron firing to more strongly encode the hippocampal CA1 engram that represented the conditioning context (Liu et al., 2012; Tanaka et al., 2014; Tonegawa, Pignatelli, Roy, & Ryan, 2015) . Alternatively, or in addition, enhanced context encoding may have been mediated by network oscillatory activity. We have previously shown that activating CA2 cells with hM3Dq increases gamma oscillations and synchrony between the hippocampus and prefrontal cortex (Alexander et al., 2018) , and gamma oscillations have been shown to be positively associated with memory encoding (Jutras et al., 2009; Spellman et al., 2015) . In these experiments, we had used both males and females and we did not detect a sex difference in the magnitude of increases or decreases in gamma power or gamma coherence; however, we had not aimed to address sex differences in that study, so we were underpowered to query sex differences. Finally, CA2 PCs project toward intermediate and ventral CA1 (Tamamaki et al., 1988) , and ventral CA1 neurons project to mPFC and amygdala (Jay & Witter, 1991; Kishi et al., 2006) . Females show higher activation of BLA neurons, as measured by c-fos, during contextual fear memory retrieval than do males (Keiser et al., 2017) , and mPFC dendritic complexity is dynamically changed in a sex-specific manner after exposure to stress (Garrett & Wellman, 2009) . Based on these physiological and anatomical findings, one possibility is that hM3Dq activation of CA2 neurons may have produced increased context fear conditioning in females through disynaptic entrainment of amygdala or mPFC neuronal firing and/or synchrony through gamma oscillations. This potential for enhanced hippocampal-BLA/mPFC engagement may underlie the stark sex difference we observed in contextual fear memory of hM3Dq mice. Surprisingly, we found a similar behavioral effect in females expressing hM4Di as females that expressed hM3Dq in that these mice also showed increased freezing in the test of contextual fear memory 24 h after training. Similar to the hM3Dq mice, the significant increase in freezing did not remain statistically significant two weeks later, but including data from Test 1 and Test 2 in the analysis revealed a main effect of genotype among females (see Fig. S8B ). In other words, Cre+ females froze more in contextual fear tests than their Cre− littermates across the life of the experiment.
We have previously shown that CNO administration to mice expressing hM4Di in CA2 neurons results in decreased synaptic output to CA1 and decreased hippocampal and prefrontal cortical low gamma oscillations (Alexander et al., 2018) . Based on these findings, one may predict decreased contextual fear memory in hM4Di mice. However, we have also shown that silencing CA2 output with hM4Di increases hippocampal SWRs, which likely reflects release of CA2 inhibition over CA3 and therefore increased CA3 to CA1 activity (Alexander et al., 2018; Boehringer et al., 2017) . Interestingly, hippocampal SWRs have been shown to significantly modulate neuronal firing in BLA during the SWR, with some BLA neurons positively modulated and some BLA neurons negatively modulated (Girardeau et al., 2017) . Further, when rats were trained to traverse a linear track, those BLA neurons showing positive modulation by SWRs showed preferential involvement in posttraining reactivation of place cell sequences representing the linear track. Finally, if the linear track included an aversive air puff in a specific location along the track, BLA neuron modulation was strongest during those post-training SWRs with place cell sequences representing the aversive area of the track. Therefore, consolidation of the learned association between contextual information and aversive stimuli may occur post-training during periods of SWRs via engagement of BLA neuron firing in concert with CA1 place cell reactivations (Girardeau et al., 2017; Zhu et al., 2014) . The increased occurrence of SWRs upon silencing of CA2 in our hM4Di animals may have provided greater opportunity for hippocampal-BLA engagement, especially in females, during place cell reactivations, thereby enhancing contextual fear memory consolidation. This idea remains to be tested. Our previous study of SWRs upon CA2 inhibition, which included both male and female mice, was underpowered to detect differences according to sex, so it is unclear whether SWRs may have contributed to the sex-dependent effect of inhibiting CA2 on fear conditioning. Alternatively, sex differences in CA3 dendritic spine density and dendritic changes in response to stress exposure (for review, see McEwen & Milner, 2017) may have been exacerbated by silencing of CA2 and subsequent disinhibition of CA3 neurons during fear conditioning, which may have contributed to sexually dimorphic behavioral outcomes.
Lastly, we sought to investigate behavioral responses to fear conditioning in a genetic mouse model targeting CA2, RGS14 KO mice. Normally, in wild-type mice, LTP of excitatory synapses onto CA2 neurons in stratum radiatum, where Schaffer collateral synapses from CA3 contact CA2 neurons, does not occur using typical protocols (Zhao et al., 2007) . In contrast, synaptic responses from RGS14 KO mice do show LTP (Lee et al., 2010) . RGS14 KO mice also show increased CA2 neuron excitability (Lee et al., 2010) . These previous findings motivated us to examine fear conditioning in RGS14 KO mice. Because CA2 neuronal activity is increased in RGS14 KO mice and in hM3Dq mice, with the caveat that the effects RGS14 KO would likely have been present since at least the time that RGS14 is first expressed (Evans, Lee, Smith, & Hepler, 2014) , whereas hM3Dq mice have temporarily increased activity, we reasoned that if fear conditioning was affected in RGS14 KO mice, it would be affected in a manner similar to hM3Dq mice.
Fear conditioning experiments in RGS14 KO mice yielded yet another piece of evidence suggesting a sexually dimorphic role for CA2 in regulating fear behavior. RGS14 KO females showed increased cued fear conditioning compared with their WT littermates. Although increased freezing among females was not statistically significant during the first test of cued fear administered 48 h after training, a strong trend showed a biologically meaningful increase in freezing. Indeed, more than 80% of the females exhibited freezing for more than 50% of the test period, but two female mice showed almost no freezing during the test, dramatically increasing the group variability while demonstrating the trend toward increased cued fear among females. In the test of cued fear measured two weeks after training, a significant increase in freezing was detected. Further, a main effect of genotype was found when comparing Test 1 and Test 2 (Fig. S11) showing that KO females froze significantly more in tests of cued fear than their WT littermates. These results further support the involvement of CA2 activity in amygdala-dependent processes such as memory for fearful stimuli (Maren, 2001) .
Our most prominent finding is that the majority of the increases in freezing in response to fear conditioning among hM3Dq, hM4Di and RGS14 KO was limited to female mice. Certainly, these three independent findings suggest that CA2 inputs, outputs, modulators or other cellular properties may be sexually dimorphic. Although no studies, to our knowledge, have identified sex differences in these properties of CA2 neurons, sex differences in dendritic branching patterns of guinea pig CA2 neurons have been reported (Bartesaghi & Ravasi, 1999) . As such, further sex differences may exist in CA2. Behaviorally, we previously found that silencing of CA2 synaptic output with hM4Di impaired social behavior selectively in male mice, with female mice showing no such impairment in social behavior upon CA2 silencing (Alexander et al., 2017) . In fact, most behavioral studies investigating CA2 involvement in social behavior have used only males Hitti & Siegelbaum, 2014; Pagani et al., 2015; Smith, Williams Avram, Cymerblit-Sabba, Song, & Young, 2016; Stevenson & Caldwell, 2014; Wersinger, Ginns, O'Carroll, Lolait, & Young, 2002) , so any sex-specific effects would have been missed. Given our previous and current sex-specific behavioral findings upon CA2 activation and inhibition, inclusion of both males and females in future studies of CA2 is warranted.
Given the higher prevalence of fear and anxiety disorders among females in the clinical population (Kessler, Petukhova, Sampson, Zaslavsky, & Wittchen, 2012) and our findings that modification of CA2 activity specifically affects fear conditioning in female mice, future studies should investigate whether any sex-specific interactions exist between CA2 and amygdala or other nodes of the fear circuit. For example, although not commonly associated with the fear circuit, locus coeruleus (LC) involvement in fear conditioning may differentially regulate fear conditioning in a sex-specific manner and may involve CA2. To elaborate, CA3, and possibly CA2, receive direct inputs from LC. Interestingly, these inputs have been shown to be important for contextual memory formation in males (Wagatsuma et al., 2018) . LC is a sexually dimorphic structure, with LC dendrites longer and more complex in females than in males, and stress hormone receptor expression and function varying by sex (e.g., CRFR1; for review, see Bangasser, Wiersielis, & Khantsis, 2016) . In addition, LC has reciprocal connections with the central amygdala, which receives inputs directly from the BLA, providing one potential route through which the sexually-dimorphic LC could contribute to the sex-specific effect of CA2 modulation on fear conditioning.
In conclusion, using three independent manipulations of CA2 neurons in mice, we provide evidence that CA2 neuronal activity plays a role in the behavioral responses to fear conditioning. Specifically, activating CA2 neurons during training increased cued fear conditioning in males and females, but increased contextual fear conditioning only in females. Similarly, inhibiting CA2 during training increased contextual fear conditioning in females, and females of a KO mouse line in which CA2 neurons have increased activity had increased long-term cued fear conditioning. These three separate lines of evidence suggest that CA2 neurons are actively involved in both intra-and extra-hippocampal brain processes and function to influence fear memory. Finally, the intriguing and consistent findings of enhanced fear conditioning only among female mice strongly implicate CA2 as a sexually-dimorphic structure. 
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